Introduction {#s1}
============

In recent years, it has become well established that risk patterns for both obesity and type 2 diabetes originate as a consequence of alterations in growth and metabolism during critical windows of prenatal and early postnatal development ([@B1]--[@B5]). Human studies of maternal undernutrition and low birth weight have shown that adult offspring develop an increased risk for obesity ([@B1]), type 2 diabetes ([@B2],[@B3]), and cardiovascular disease ([@B4],[@B5]). In humans, maternal obesity is also a risk factor for the development of obesity in offspring during childhood ([@B6]--[@B8]). In animal models, maternal high-fat feeding results in profound changes in offspring health, including increased rates of obesity and percent body fat ([@B9]--[@B11]), impaired glucose tolerance ([@B12]), increased adipocyte lipogenesis and proliferation ([@B13]), increased cardiovascular disease ([@B14]), decreased β-cell function ([@B12]), and increased food intake ([@B15]). Thus, both human and animal studies have shown severe metabolic effects of maternal over- and undernutrition, underscoring the need to treat or prevent this problem.

Although exercise in the general population is well established to have numerous health benefits ([@B16],[@B17]), the effects of maternal exercise on the metabolic phenotype of offspring are not well understood. Of the limited studies of maternal exercise in animal models, maternal exercise in streptozotocin-treated rats, a model of type 1 diabetes, was shown to result in lower blood glucose concentrations and improved glucose tolerance but elevated insulin concentrations in 4-week-old offspring ([@B18]). Maternal exercise in rats ([@B19]) and mice ([@B20]) has been shown to improve glucose tolerance and insulin sensitivity in offspring; however, whether these effects were specific to the exercising dams could not be determined since the sires were also housed with wheel cages for 10 days of breeding. In the current study, we used a mouse model to determine the effects of maternal exercise, independent of paternal exercise, on the long-term metabolic health of male offspring. We investigated whether the timing of exercise in the dams was critical and determined if maternal exercise could attenuate the detrimental effects of maternal high-fat feeding on offspring health. Our data indicate that maternal exercise, if performed before and during gestation, has profound effects on offspring metabolic health.

Research Design and Methods {#s2}
===========================

Mice and Training Paradigm {#s3}
--------------------------

Six-week-old C57BL/6 virgin female mice were fed a chow (21% kcal from fat; PharmaServ 9F5020) or high-fat diet (60% kcal from fat; Research Diets Inc.) for 2 weeks preconception and during gestation and were further divided into four subgroups: trained (mice housed with running wheels preconception and during gestation), prepregnancy trained (housed with wheels preconception), gestation trained (housed with wheels during gestation), or sedentary (housed in static cages). This training protocol was used because female mice do not run if they are younger than 6 weeks of age due to inability to adequately pull the wheel. Because 8 weeks of age is the optimal breeding age for mice, mice were trained for 2 weeks and then were bred with the males. The running wheels were 24.5 cm in diameter and 8 cm in width (Nalgene). All male breeders were chow-fed C57BL/6 mice and were sedentary. To control for potential differences in sires, breeding was performed as harems. Offspring were housed in static cages (sedentary) from birth onwards, and male offspring were studied up to 52 weeks of age.

Glucose and Insulin Tolerance Tests {#s4}
-----------------------------------

Glucose tolerance tests (GTTs) were performed as previously described ([@B21]). GTTs in dams were performed at day 15 of gestation and mice were fasted for 4 h (0800 h to 1200 h). The shortened duration for the dams was used in order to reduce stress to the pregnant mice ([@B22]). For GTTs in offspring, mice were fasted for 11 h (2200 h to 0900 h). Insulin tolerance tests were only performed in offspring as previously described ([@B21]).

DEXA and Biochemical Methods {#s5}
----------------------------

Offspring were anesthetized with ketamine/xylazine (50 mg/mL; injected 0.1 cc per 10 g body weight \[bw\]), and fat mass and lean mass were measured in offspring by DEXA (Lunar PIXImus2 mouse densitometer). Body weight was measured every 2--3 days and reported every 12 weeks, and food consumption was measured weekly. Retro-orbital sinus bleeds were performed after an overnight fast (2200 h to 900 h); plasma insulin and leptin were measured using mouse ELISA kits (Crystal Chem Inc.); and triglyceride, cholesterol, and free fatty acid were measured by colorimetric assay (Stanbio). Muscle glycogen and triglycerides were determined in tibialis anterior muscles as previously described ([@B23]). Tibialis anterior muscle was used for RNA extraction using QIAzol Lysis Reagent (Qiagen). mRNA expression was measured by quantitative RT-PCR (primers in [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)). Tissue processing and immunoblotting were performed as previously described ([@B24]). Antibodies used were GLUT4 (AB1346) (Millipore) and HKII (AB37593) (Abcam).

Glucose Clearance In Vivo {#s6}
-------------------------

Mice were fasted overnight, anesthetized, and injected with either saline (basal) or maximal insulin (16.6 units/kg bw) as previously described ([@B23]). Tibialis anterior, soleus, extensor digitorum longus (EDL), and gastrocnemius were dissected and frozen, and accumulation of \[^3^H\]2-deoxyglucose-6-P was assessed as previously described ([@B23],[@B25]). To determine glucose clearance, we divided the total glucose uptake by the average glucose concentration over the time course of the experiment.

Statistical Analysis {#s7}
--------------------

The data are means ± SEM. Statistical significance was defined as *P* \< 0.05 and determined by one- or two-way ANOVA, with Tukey and Bonferroni post hoc analysis.

Results {#s8}
=======

Maternal Exercise in Dams Fed a Chow Diet Does Not Affect Litter Size or Sex Distribution {#s9}
-----------------------------------------------------------------------------------------

Training of dams did not significantly affect maternal body weight ([Supplementary Fig. 1*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)). The amount of wheel running varied based on the timing of the wheel cage housing ([Supplementary Fig. 1*B* and *C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)). There was no difference in pregestation wheel running among the three groups that exercised pregestation. There was also no difference in the wheel running during gestation between the trained and gestation-only trained groups, and these dams exercised at a level of 60% of nonpregnant controls. There was no difference in total distance run between the prepregnancy trained and gestation-only trained dams ([Supplementary Fig. 1*B* and *C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)). There was no difference in glucose tolerance among chow-fed pregnant females at day 15 of gestation ([Supplementary Fig. 2*A* and *B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)). Dams responded with normal training adaptations as indicated by a significant increase in HKII and total GLUT4 in the triceps muscles ([Supplementary Fig. 3*A*--*D*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)). Conception rate did not differ among treatments (data not shown), and maternal exercise in chow-fed dams did not affect litter size or sex distribution ([Supplementary Table 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)).

Maternal Exercise Before and During Gestation Improves Glucose Metabolism in Offspring {#s10}
--------------------------------------------------------------------------------------

To determine the effects of maternal exercise on offspring as they age, as well as to determine if the timing of maternal exercise affects offspring health, we compared half-siblings born from sedentary, trained, prepregnancy-trained, or gestation-trained dams. Offspring were sedentary and chow fed, and GTTs were performed in male offspring up to 52 weeks of age. Male offspring of sedentary dams had a worsening of glucose tolerance as they aged ([Fig. 1*A*](#F1){ref-type="fig"}). These aging effects were fully negated in the offspring throughout the 1st year of life if maternal exercise was performed before and during gestation. Offspring from gestation-only trained dams showed similar improvements in glucose tolerance at 8 and 12 weeks of age, but these effects did not persist over time. Glucose tolerance did not improve in offspring from prepregnancy-trained dams. Fasting insulin, measured at 52 weeks, was only reduced in offspring from dams that trained both before and during gestation ([Fig. 1*B*](#F1){ref-type="fig"}). The percent body fat and body weights were not lower in the offspring from dams that trained before and during gestation until 52 weeks of age ([Fig. 1*C*and *D*](#F1){ref-type="fig"}). Thus, the improvements in glucose tolerance in offspring from dams that trained before and during gestation preceded changes in offspring body weight and body composition ([Supplementary Fig. 4*A* and *B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)), demonstrating that changes in glucose metabolism were not due to changes in body composition ([Fig. 1*B*--*D*](#F1){ref-type="fig"}).

![Maternal training during pregnancy improves glucose tolerance, decreases fasting insulin in offspring, and improves percent fat mass and body weight in offspring. *A*--*D*: Glucose tolerance was measured in offspring of sedentary, trained, prepregnancy-trained, or gestation-trained dams on a chow diet over a 52-week period, beginning at 8 weeks of age. For GTTs, mice were injected with 2 g glucose/kg bw, i.p. Glucose area under the curve (AUC) of male mice from chow-fed dams (*A*). Fasting insulin was measured at 52 weeks of age in male offspring (*B*). Percent fat mass (*C*) and body weight (*D*) of male offspring at 52 weeks. Data are expressed as means ± SEM (*n* = 10--20 litters/group). Asterisks represent differences between trained and all control groups (*\*P \<* 0.05).](db131848f1){#F1}

There was no change in insulin tolerance ([Supplementary Fig. 4*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)) and other serum metabolic markers ([Supplementary Table 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)), except for cholesterol, which was significantly increased only in offspring from gestation-trained dams. Although the mechanism for this effect is not known, it is important to note that there was no difference in circulating cholesterol concentrations in offspring of dams that exercised both before and during pregnancy, or exercised only during the prepregnancy period. Taken together, these data demonstrate that maternal exercise, when performed before and during gestation, has marked effects on the metabolic health of male offspring. Thus, maternal exercise could cause both epigenetic changes to the ova as well as adaptations in the in utero environment.

Maternal Exercise Before and During Gestation Ameliorates the Detrimental Effect of a Maternal High-Fat Diet {#s11}
------------------------------------------------------------------------------------------------------------

To determine if maternal exercise can ameliorate the deleterious effects of maternal high-fat feeding ([@B7],[@B9],[@B10],[@B26]--[@B28]), female mice were fed a chow or high-fat diet for 2 weeks prior to breeding and throughout pregnancy and housed in static cages or cages with wheels. Here, we only report data from offspring of sedentary dams and dams that trained both before and during pregnancy. The high-fat maternal diet did not significantly affect body weight of dams or average running distance ([Supplementary Fig. 5*A* and *B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)) but resulted in an impaired glucose tolerance at day 15 of gestation ([Supplementary Fig. 5*C* and *D*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)). Exercise training of dams had no effect on litter size, whereas there was a main effect of high-fat feeding to reduce litter size (7.2 ± 0.4 vs. 5.4 ± 0.4 pups/chow-fed vs. high-fat--fed dams, respectively; *P* = 0.004). There were no significant differences in sex distribution among litters ([Supplementary Table 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)).

High-fat feeding of sedentary dams resulted in marked glucose intolerance in male offspring as they aged ([Fig. 2*A*](#F2){ref-type="fig"}). Remarkably, offspring from high-fat--fed, exercise-trained dams (dams that trained before and during gestation) were fully protected from these harmful effects of a maternal high-fat diet. By 24 weeks of age, the detrimental effects of a maternal high-fat diet on glucose tolerance were prevented in offspring from dams that trained before and during gestation ([Fig. 2*A*](#F2){ref-type="fig"}). In fact, at 52 weeks, offspring from high-fat--fed dams that trained before and during gestation had improved glucose tolerance compared with offspring from high-fat--fed, sedentary dams, and also compared with offspring from chow-fed, sedentary dams ([Fig. 2*A* and *B*](#F2){ref-type="fig"}). Offspring from high-fat--fed, exercise-trained dams also had normal plasma insulin concentrations ([Fig. 2*C*](#F2){ref-type="fig"}) and other serum metabolic markers ([Supplementary Table 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)), including serum cholesterol.

![Maternal training during pregnancy improves glucose tolerance, decreases fasting insulin, improves peripheral insulin sensitivity, and decreases body weight and percent body fat in offspring from dams fed a high-fat diet. *A*--*F*: Glucose tolerance was measured over a 52-week period in offspring of dams that were sedentary or trained and fed a chow or high-fat diet. For GTTs, offspring were injected with 2 g glucose/kg bw, i.p. Glucose area under the curve (AUC) of male offspring from sedentary and trained dams fed a chow or high-fat diet (*A*). Glucose excursion curve at 52 weeks (*B*). Fasting serum insulin concentrations at 52 weeks of age (*C*). Body weight (*D*) and percent fat mass (*E*) of male offspring at 52 weeks. *F*: For insulin tolerance tests, mice were injected with 1 unit insulin/kg i.p. and glucose concentration was measured over 60 min for male offspring. Data are expressed as means ± SEM (*n* = 10--20/group). Asterisks represent differences between trained and all control groups (*\*P \<* 0.05); \# represents differences between offspring from sedentary high-fat--fed dams and all control groups (\#*P* \< 0.05).](db131848f2){#F2}

Maternal exercise before and during gestation had clear effects to improve glucose homeostasis in offspring as early as 8 weeks of age. In contrast to this early in life change in glucose tolerance, body weights in offspring from dams that trained before and during gestation were not significantly lower until the offspring were 52 weeks of age ([Fig. 2*D*](#F2){ref-type="fig"} and [Supplementary Fig. 6*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)). Offspring of high-fat--fed dams had a significantly higher percent fat mass, whereas high-fat feeding in the presence of exercise training in dams resulted in offspring with significantly lower percent fat mass. This beneficial effect on fat mass was also not observed until 52 weeks of age ([Fig. 2*E*](#F2){ref-type="fig"} and [Supplementary Fig. 6*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)). Insulin tolerance was impaired in offspring from high-fat--fed dams ([Fig. 2*F*](#F2){ref-type="fig"}), and this effect was attenuated in offspring of high-fat--fed, exercise-trained dams ([Fig. 2*F*](#F2){ref-type="fig"}). These results demonstrate that maternal high-fat feeding causes pronounced glucose intolerance in male offspring as they age, but exercise training of dams can prevent these detrimental effects of a maternal high-fat diet.

Effects of Maternal Exercise on Offspring Skeletal Muscle {#s12}
---------------------------------------------------------

To determine if alterations in the skeletal muscle from offspring of exercise-trained dams was part of the mechanism for improved glucose tolerance, we measured muscle triglyceride and glycogen concentrations, rates of glucose clearance in vivo, and metabolic genes. Glucose clearance was measured in order to account for the mass action of glucose, which is necessary given the difference in glucose tolerance. Consistent with their enhanced metabolic homeostasis, offspring from chow-fed, exercise-trained dams had significantly decreased muscle triglyceride concentrations ([Fig. 3*A*](#F3){ref-type="fig"}). There was no difference in basal rates of glucose clearance in tibialis anterior, soleus, gastrocnemius, and EDL muscles ([Fig. 4*A*--*D*](#F4){ref-type="fig"}). Insulin treatment increased glucose clearance in all muscles studied, but there was no difference in insulin-stimulated glucose clearance among groups ([Fig. 4](#F4){ref-type="fig"}). There were also no differences in muscle glycogen concentrations ([Fig. 3*B*](#F3){ref-type="fig"}) or expression of a number of muscle metabolic genes, including GLUT4 ([Supplementary Fig. 7*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1)), among offspring.

![Muscle triglyceride and glycogen content. Male offspring from sedentary or trained dams fed a chow or high-fat diet were studied at 52 weeks for triglyceride content (*A*) or glycogen content (*B*) of tibialis anterior muscle. Data are means ± SEM (*n* = 5/group).\**P*\< 0.05.](db131848f3){#F3}

![Maternal exercise reduces insulin-stimulated skeletal muscle glucose clearance in male offspring. *A*--*D*: Male offspring from sedentary or trained dams fed a chow or high-fat diet were fasted overnight, anesthetized, and \[^3^H\]2-deoxyglucose per gram body weight was administered via retro-orbital injection in the presence of saline (basal) or 1 mg/kg bw glucose (glucose). Glucose clearance was measured in tibialis anterior (*A*), soleus (*B*), gastrocnemius (*C*), and EDL (*D*). Data are means ± SEM (*n* = 3--5/group).](db131848f4){#F4}

Discussion {#s13}
==========

Maternal exercise in rat and mouse models was previously shown to be associated with an increase in skeletal muscle glucose uptake ([@B19],[@B20]). There are differences between our experiments and previous studies that could account for these differences, including species used (mouse vs. rat) ([@B19]), mouse strain (C57BL/6 vs. ICR) ([@B20]), sex (male vs. female) ([@B19],[@B20]), age of offspring at time of experiment (52 vs. 37 weeks) ([@B19]), and parental exercise (males also exercised in previous studies) ([@B19],[@B20]). In addition, the previous mouse study measured glucose uptake in isolated soleus muscles in vitro, whereas we measured glucose clearance in vivo. Nevertheless, our findings suggest that glucose clearance into skeletal muscle cannot be the only mechanism for the improvement in glucose homeostasis in offspring from exercise-trained dams. In this regard, our finding of lower muscle triglyceride concentrations raises the possibility of enhanced fatty acid oxidation in the muscle of the offspring from trained dams. In addition, the consistently lower circulating insulin concentrations suggest improved β-cell function. Our ongoing work is aimed at determining if multiple metabolic processes (e.g., glucose oxidation or fatty acid metabolism) and multiple tissues (e.g., pancreas, liver, white adipose tissue, brown adipose tissue, or heart) have improved metabolic function in offspring of trained dams.

In summary, although obesity and overnutrition in individuals of reproductive age can propagate risk to subsequent generations via nongenetic or epigenetic and metabolic mechanisms ([@B8],[@B26],[@B29]--[@B31],[@B32]), our findings suggest that it may be possible to overcome these risks through physical exercise. These findings, if translatable to humans, will have critical implications for the prevention of obesity and type 2 diabetes.

Supplementary Material
======================

###### Supplementary Data

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1848/-/DC1>.

See accompanying article, p. 335.
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